ABSTRACT: Wastewaters generated during hydraulic fracturing of the Marcellus Shale typically contain high concentrations of salts, naturally occurring radioactive material (NORM), and metals, such as barium, that pose environmental and public health risks upon inadequate treatment and disposal. In addition, fresh water scarcity in dry regions or during periods of drought could limit shale gas development. This paper explores the possibility of using alternative water sources and their impact on NORM levels through blending acid mine drainage (AMD) effluent with recycled hydraulic fracturing flowback fluids (HFFFs). We conducted a series of laboratory experiments in which the chemistry and NORM of different mix proportions of AMD and HFFF were examined after reacting for 48 h. The experimental data combined with geochemical modeling and X-ray diffraction analysis suggest that several ions, including sulfate, iron, barium, strontium, and a large portion of radium (60− 100%), precipitated into newly formed solids composed mainly of Sr barite within the first ∼10 h of mixing. The results imply that blending AMD and HFFF could be an effective management practice for both remediation of the high NORM in the Marcellus HFFF wastewater and beneficial utilization of AMD that is currently contaminating waterways in northeastern U.S.A.
■ INTRODUCTION
The possible environmental risks associated with the management and disposal of hydraulic fracturing flowback fluid (HFFF) wastewater have generated public debate about the safety of unconventional shale gas development and hydraulic fracturing. In the northeastern U.S.A., Marcellus HFFF is composed of highly saline water with elevated levels of elements, such as barium and strontium, along with high levels of naturally occurring radioactive materials (NORMs) in the form of radium isotopes. 1−6 The high levels of salinity and radioactivity characterize both the waters that flow to the surface following hydraulic fracturing (i.e., "flowback water") and during gas production ("produced water"). In areas where this wastewater is disposed to the environment, the elevated salinity has been shown to contaminate streams 7 and was also associated with accumulation of radium isotopes in stream sediments at disposal sites in Pennsylvania. 1 In addition to the potential environmental effects of HFFF wastewaters, the water volumes necessary for the hydraulic fracturing process can add an additional constraint to the development of shale gas. Water consumption for the hydraulic fracturing of shale formations varies from 8000 to 50 000 m 3 (from 2 to 13 million gallons) per unconventional well. 6,8−12 The overall water footprint of unconventional shale gas development per unit of energy produced is lower relative to conventional oil and gas wells 12 and other energy production, such as coal combustion, but in some areas, large-scale development of shale gas can cause depletion and overexploitation of the local water resources. 8 The total water use for hydraulic fracturing in the Marcellus Formation in Pennsylvania was between 42 and 66 × 10 6 m 3 in 2011, 12 of which the majority was freshwater, although wastewater recycling has substantially increased in the past 2 years. 13 To mitigate water stress in areas during times of water scarcity, alternative or marginal water sources should be considered as substitutes for the freshwater component of hydraulic fracturing applications. In the northeastern U.S.A., a potential alternative water source is acid mine drainage (AMD; Figure 1) . 5, 14 A volume of approximately 2.3 × 10 9 m 3 of AMD is annually discharged to waterways in Pennsylvania, causing the degradation of over 20 000 km of streams and rivers ( Figure  1 ). 15−17 At the same time, oil and gas operations in the Marcellus Formation generate from 3.1 × 10 6 to 3.8 × 10 6 m 3 of wastewater per year, a portion of which is currently treated at centralized waste treatment facilities and discharged to the local rivers. 1, 7, 12, 13 The use of AMD as an alternative water source for hydraulic fracturing ( Figure 1 ) could both alleviate water stress on limited water resources as well as decrease the load of salts and trace metals requiring treatment from both AMD and HFFF. 18, 19 However, the ability to use AMD for hydraulic fracturing depends upon the chemical reactivity and precipitation of minerals upon mixing of HFFF and AMD.
14 The blending of HFFFs that are typically enriched in Ca, Sr, Ba, and Ra with sulfate-rich AMD could form solid precipitates that would remove some of the metals and NORMs but could also result in scaling and clogging during the hydraulic fracturing process. 15, 20, 21 The objectives of this study are to evaluate the impact of blending typical Marcellus HFFF with AMD from Pennsylvania and systematically monitor the resulting chemical variations. We conducted a series of laboratory mixing experiments with different types and proportions of AMD and HFFF and then measured the chemical and NORM variations that resulted in the different mix products. We used both typical AMD (e.g., low pH and high iron) 16, 20, 22 and modified AMD (acidity buffered by the addition of lime that generated higher pH effluents with low iron and high calcium contents). 16, 17, 20 By monitoring the chemical variations of the residual solutions and both measuring and modeling the resulting co-precipitated mineral phases, we provide a systematic evaluation of the modifications to the quality of the effluents and the composition of solid residues that are generated from mixing AMD and HFFF.
■ METHODS
Sample Collection and Blending Experiments. HFFFs from three Marcellus drilling sites in western PA and two different lime-treated AMD samples were provided by Consol Energy, Inc. The AMD sites are co-located with the Marcellus wells and are being considered for field-scale use as HFFF. A synthetic AMD sample that represents typical iron-rich and low-pH AMD effluent 22 (see Table S1 of the Supporting Information) was also evaluated in the study. AMD and HFFF samples were analyzed for major elemental chemistry (SO 4 , Cl, HCO 3 , Ca, Mg, Sr, Na, and Ba) and radium isotopes ( 226 Ra). Six treated AMD−HFFF sets and six synthetic AMD−HFFF sets were mixed using 25, 50, and 75% AMD in the mixtures for a total volume of 50 mL and were shaken for 48 h. An aliquot of mixture was filtered and subsequently analyzed. The actual measured concentrations from each of the blends were subtracted from expected concentrations and calculated assuming theoretical conservative mixing (i.e., the combined concentrations of the AMD−HFFF solution represent the relative contributions of AMD and HFFF). For each solute, the relative fraction that was removed in comparison to the expected concentration based on conservative mixing was calculated and expressed as percent removal. The difference (expected minus measured) provided an estimate of the nature and magnitude of the precipitates that formed as a result of the mixing, which was confirmed through further testing. Sample Processing. All major dissolved salts and radioactivity measurements were conducted at Duke University. Major anion concentrations were measured by Dionex IC DX-2100 ion chromatography. Major cation concentrations were measured by direct current plasma optical emission spectrometry (DCP−OES). 226 Ra activities were determined using a Canberra DSA2000 broad energy germanium γ detector at the Laboratory of Environmental RadioNuclides (LEARN). 16 A total of 60 mL of HFFF, AMD, or mixtures was incubated in sealed cans for at least 3 weeks before measurement through the 609 keV energy line of its decay product, 214 Bi, assuming a secular equilibrium. The activities of solid samples were calibrated using CCRMP U-Th ore standard DL-1a measured under similar physical conditions (e.g., can geometry; see the Supporting Information). Liquid sample efficiency was calibrated to 60 mL of radium-free seawater spiked with 1 mL of National Institute of Standards and Technology (NIST) SRM 4966 standard. Samples were prepared in high-density polyethylene (HDPE) sediment containers with the same geometry and total volume (60 mL). Background counting measurements were determined by measuring empty containers for 72 h on three separate occasions. The method detection limit was then conservatively determined by the median values of three 72 h background measurements of the 609 keV peak area multiplied by three standard deviations. The median background was subtracted from all samples (see Figure S2 of the Supporting Information). X-ray diffraction (XRD) analysis of precipitated solids was performed at Dartmouth College Department of Earth Sciences on Bruker D8 XRD. Solids were dried at 45°C, crushed with mortar and pestle, and either backpacked or slide-loaded for analysis. Diffraction pattern peak matching was conducted using DIFFRAC plus BASIC software. that plot within the shaded areas therefore reflect changes in the concentration as a result of mixing. However, for the 50 and 75% AMD mixtures, the concentrations of radium, barium, strontium, iron, sulfate, and bicarbonate measured in solution were substantially lower than expected from mixing and reflect removal from solution to co-precipitated minerals.
Environmental Science & Technology (1) AMD (pH 3.4) that was artificially created in the laboratory following Coester et al. 22 with high concentrations of sodium, iron, and sulfate and low chloride content (sample AMD) and (2) lime-treated AMD with high pH (10−11), high sodium, sulfate, and chloride, and low iron contents (samples CMD-1 and CMD-2). In contrast, the geochemical characteristics of the HFFF samples were more homogeneous, with elevated chloride, sodium, calcium, strontium, barium, and radium contents, although the absolute concentrations of these elements varied among the three HFFF samples that we used in the experiments (see Table S1 of the Supporting Information).
The mixing of AMD with HFFF caused a reduction in the concentrations of key elements originally present in both the HFFF (Ba, Sr, and 226 Ra) and AMD (SO 4 and Fe, with HCO 3 in the treated AMD) ( Figure 2) . A conservative (i.e., nonreactive) mixing relationship was observed for the other elements (Cl, Na, and Mg; see Figure S4 of the Supporting Information). The resulting removal of sulfate from the aqueous phase was universal for all of the AMD−HFFF mixing combinations, but the magnitude (i.e., percent) of removal decreased with increasing AMD proportions in the mixture ( Figure 3 ). In contrast, Ra, Ba, and Sr removal increased with the increasing fraction of AMD in the mixing solutions ( Figure  3 ). The results suggest that the chemistry (e.g., sulfate) and type of the AMD fluids determine the magnitude and the selective removal of the different ions. The mixing of the modified high-pH AMD (samples CMD-1 and CMD-2) resulted in a larger removal of Ra, Ba, and Sr relative to the low-pH, non-treated AMD (sample AMD), yet mixing of the low-pH, Fe-rich AMD resulted in higher removal of iron ( Figure 3) . Overall, our mixing experiments show a net removal of almost 100% sulfate (explicitly for low-percent AMD mixing), almost 100% Ba and Ra (for high-percent AMD mixing), up to 70% Sr (for high-percent AMD mixing), and up radium, strontium, iron, and manganese in solutions of different mixed proportions of AMD−HFFF (expressed as a percentage of AMD in the mixed solution). The orange lines represent the low-pH AMD sample; the blue lines represent sample CMD-1; and the green lines represent CMD-2. Note the increase of the removal magnitude of Ra, Ba, and Sr with the percentage of AMD in the mixing solutions, while sulfate removal showed an opposite trend (and was the limiting factor in the 25% AMD mixture). Also note the higher removal percentage of Ra, Ba, and Sr from high-pH lime-modified AMD (samples CMD-1 and CMD-2) relative to the low-pH AMD. Specific points represent the average values (using three different HFFFs) for each of the three CMD samples, while the error bars represent the variability between the three HFFFs used to create the CMD samples. to 97% Fe (for the AMD sample; Figure 3 ). These variations suggest that the maximum combined removal of Ra, Ba, and Sr will occur upon using lime-treated AMD (samples CMD-1 and CMD-2) relative to untreated and low-pH AMD and that a larger fraction of AMD in the mixture would induce greater removal of these constituents from the aqueous phase ( Figure  3) .
Environmental Science & Technology
Solid Precipitants. Geochemical modeling of the saturation state of minerals in the solutions using the PHREEQC software 23 for each of the different mixing combinations between AMD and HFFF indicates an oversaturation with respect to several minerals (see Figure S1 of the Supporting Information). The saturation index (SI) was derived from PHREEQC 23 and follows the equation: SI = log(IAP/Ksp), where IAP is the ion activity product and Ksp is the apparent equilibrium solubility product. 24 In particular, we identified the supersaturation state for barite (BaSO 4 ) and celestite (SrSO 4 ) minerals in the blended waters. The computed saturation states of barite and celestite minerals increased with the percentage of AMD in the mixing solution (see Figure S1 of the Supporting Information) and with sulfate concentrations within the AMD samples (i.e., CMD-1 > AMD > CMD-2; Figure 2 ). The two types of AMD showed different saturation levels with respect to calcite: higher for the high-pH AMD-blended samples and lower for the low-pH AMD-blended sample. Likewise, blending of the low-pH and Fe-rich AMD sample resulted in a higher saturation level of iron-bearing minerals, such as hematite and siderite (see Figure S1 of the Supporting Information).
The mass of solids expected to precipitate from solution upon mixing treated and untreated AMD and HFFF at three volumetric ratios was calculated using PHREEQC under the assumption that the aqueous and solid phases have reached equilibrium at 25°C ( Table 1) . As opposed to the SI-based evaluation (see Figure S1 of the Supporting Information), the quantitative precipitation potential (PP) calculates the change in the concentration of each of the relevant solids from the initial mixing state to solid−aqueous equilibrium (Table 1) . While SI calculates the theoretical distance from equilibrium of potentially forming solids in the blended solutions, PP is a measure that takes into account the competition between different solids for a shared dissolved component (e.g., sulfate) and the change in pH induced by the precipitation and is thus considered a quantitative prediction tool for precipitation of solids from solution. Despite somewhat differing compositions of solids expected to precipitate, the overall mass of solids was roughly constant in all of the scenarios related to mixing treated AMD with HFFF (Table 1) . On the basis of PHREEQC calculations, the theoretical precipitated mass amounted to ∼2.5 g/L treated AMD mixture (using CMD-1). The major precipitants in all three scenarios were barite and celestite, with a small contribution of calcite (and gypsum in the 75% CMD-1 blend). For blending untreated AMD with HFFF, the software predicts a lower precipitant mass (∼1.3 g/L) because of the lower sulfate concentrations assumed in this particular AMD stream (2000 versus 5000 mg/L). Nevertheless, also in this scenario, the major solid components were composed of barite and celestite, in addition to hematite, which is related to the higher dissolved iron concentration in the untreated AMD. Because of kinetic considerations, we expect that ferrihydrite [amorphous Fe(OH) 3 ] would precipitate during the experiments and be transformed to hematite upon aging of the solid.
The solid chemical precipitants for five mixtures of AMD and HFFF were examined using XRD to confirm the presence of the predicted mineral phases. On the basis of the XRD analysis, all five samples appeared to contain strontian barite (Ba 0.75 Sr 0.25 )SO 4 (see Figure S4 of the Supporting Information). In one mixture (25% AMD), quartz was also identified, and in two samples (50% AMD), halite was also present, although this is thought to be the result of fluid high in Na + and Cl − trapped within the precipitant that subsequently formed halite when dried. The formation of solid strontian barite (or amorphous barite 25 ) in the precipitant is consistent with the corresponding decrease in dissolved concentrations of barium and strontium in the aqueous phase (Figure 2) as well as the calculated SI and PP values of barite in the mixture. Nonetheless, other mineral phases that were calculated using PHREEQC as oversaturated (see Figure S1 of the Supporting Information), such as siderite, celestite, hematite, and Fe(OH) 3 , which are indicated by broad XRD peaks ( Figure S4) . Precipitation Kinetics. A kinetic experiment was conducted to determine the rate at which the solids precipitate from a representative AMD−HFFF blend. The scenario tested comprised of blending treated AMD (CMD-1) with one of the HFFF samples (FBD) at a 1:1 ratio, while the change in electric conductivity (EC) was continuously monitored during a 35 h time period (Figure 4) . To relate the observed change in electric conductivity (EC) to total dissolved solids (TDS), an EC−TDS calibration curve was created using MgSO 4 salt to represent the divalent ions expected to precipitate and reduce EC on a background of NaCl (33 g/L) that simulated the blending conditions. The calibration yielded a linear EC−TDS correlation [EC (mS/cm) = 2000TDS (mg/L) ]. The experimental results show that the majority of the precipitation occurred during the first ∼10 h, after which the EC did not change further (Figure 4) . During the first 10 h, EC dropped by ∼1.3 mS/cm. On the basis of the EC−TDS calibration equation, this drop corresponds to a change of 2.6 g of TDS, which is almost identical to the precipitation predicted from this blend by the thermodynamic-based calculation (Table 1) .
Radium Co-precipitation. Radium removal for the treated AMD samples (70−100%) was larger than that of the low-pH AMD mixing (50−80%; Figure 3 ). Despite the fact that the CMD-2 sample was characterized by a lower sulfate content (1000 mg/L) and lower barite and celestite saturation levels (see Figure S1 of the Supporting Information) relative to the AMD sample (2000 mg/L; Figure 2 ), blending of CMD-2 samples with HFFF resulted in higher radium removal ( Figure  3) .
Numerous studies have shown that the similarity of the ionic radii of radium and barium, their electronic configuration, and the identical crystallographic structure of pure RaSO 4 and BaSO 4 (barite) results in co-precipitation of radium with both barite and celestite minerals. 27−30 Under evaporitic conditions, concurrent removal of radium and barium indicated the precipitation of a (Ra,Ba)SO 4 solid solution. 30 The ratio of Sr/Ba in the original solution has been shown to affect the Ra co-precipitation because Sr appears to be an effective competing ion, causing inhibition of Ra uptake during formation of the barite−celestite minerals. 31 Calcite and other carbonate minerals are known to be another possible mechanism for Ra uptake through adsorption to their surface during formation. 32 Finally, radium can also be removed by coprecipitation to Mn and Fe hydrous oxides, 33 but acidic conditions typically reduce radium retention, 34−36 particularly for Ra sequestering by iron and manganese oxides. 37 We propose that radium sequestration during mixing AMD and HFFF is controlled primarily by co-precipitation into Sr barite mineral. Lime treatment and modification of AMD to alkaline conditions result in a higher magnitude of the overall Ra removal, perhaps because of an additional radium retention/ adsorption on carbonate minerals and/or the high pH conditions. The differential retention of radium through coprecipitation into barite versus adsorption on carbonate and/or Mn and Fe hydrous oxides has important environmental health implications with respect to radon emission. It has been shown that the radon emanation fraction from barite scale is 1.5−15-fold lower than radon emanation from a typical soil, 38 thus suggesting less radon emission from radium entrapped in barite relative to adsorbed radium.
Given that we observed almost 100% radium removal from the aqueous phase, we evaluated the radium level in the solid residues. In this experiment, 250 mL of HFFF with 94 Bq/L (FBD) was mixed with 250 mL of radium-free (<1 Bq/L) AMD (CMD-1). The residual solids, which included some detrital material (2.494 g), had Ra content of 9405 Bq/kg. A mass-balance calculation (assuming 100% Ra retention in solid) resulted in an expected radium content of 9400 Bq/kg. The nearly identical activity of the theoretical and measured radium concentrations in the solid residues reinforces the validity of the radioactivity measurements in this study and observation of almost 100% radium retention in the mixed solutions. The level of measured radioactivity exceeds the threshold values of management regulations in the U.S.A. for technologically enhanced naturally occurring radioactive material (TENORM). The threshold values for NORM disposal range from 185 to 1850 Bq/kg (5−50 pCi/g; http://www.tenorm.com/regs2. htm). For example, in Michigan, a radiation threshold that would require transportation of solid waste to a licensed radioactive waste disposal facility is 1850 Bq/kg (or 50 pCi/ g). 28 Thus, in a range of 5-fold (for a standard of 1850 Bq/kg) to 50-fold (a standard of 185 Bq/kg), dilution with NORM-free solids would be required to allow for disposal of the residual solids waste in a domestic landfill, instead of a licensed radioactive waste disposal facility.
Implications for Mixing AMD and HFFF. Water treatment plants are not always effective at removing all of the radium from flowback and produced waters, which could result in the accumulation of harmful radiation and other toxic levels of chemicals downstream of treatment facilities.
1 When the HFFF is mixed with AMD, our data show that a large fraction of the radium could be sequestered, leaving residual fluids with Ra concentrations close to drinking water standards of 0.185 Bq/L for combined 226 Ra and 228 Ra. 39 The expected high TENORM level in the residual solids would require adequate management using a proper protocol, such as shipment of that waste to a properly licensed landfill 40, 41 and/or blending of those solids with NORM-free solids.
42 On the basis of our measurements, 1 L of mixed HFFF−AMD wastewater would generate ∼2.5 g of precipitate. Assuming that the 4 million liters of wastewater, which is produced per shale gas well, 12 will be recycled with AMD and used for further hydraulic fracturing operations, approximately 10 000 kg of residual solids with high NORM are expected to be produced for each shale gas well upon mixing. This means that, for each shale gas well, 50 000−500 000 kg or 25−250 m 3 (assuming a density of 2 g/cm 3 ) of NORM-free solid waste would be needed to "dilute" the high-NORM solids down to an acceptable NORM range for disposal in a municipal landfill.
For a fluid to be considered usable as HFFF, studies from both Barnett Shale and Marcellus Shale suggested possible water quality ranges for hydraulic fracturing applications, including TDS of 3000−90 000 mg/L, calcium up to 350 mg/L, pH between 6.5 and 7.5, iron concentration less than 20 mg/L, and sulfate concentration less than 1000 mg/L. 15, 43 On the basis of these limitations, either the 25 or 50% AMD blends would be suitable for utilization (Figure 2 ) for hydraulic fracturing, while the 75% blend has elevated sulfate levels for one sample (CMD-1) and iron for the low-pH AMD sample (although this can be corrected by adding lime to remove iron).
Our mixing experiments show that significant scale formation is inevitable upon mixing AMD and HFFF (∼2500 kg/million liter of HFFF). To prevent adverse precipitation of mineral scale within the well bore/formation, mixing of AMD and HFFF prior to the hydraulic fracturing procedure followed by effective solid−aqueous separation, would reduce the scaling potential. The reduction of scaling could be further enhanced by proper addition of scale inhibitors to the AMD-fracturing fluid mixtures. Our kinetic experiment suggests that most of the scaling potential would occur during the first ∼10 h, but in the presence of nucleation seeds (i.e., heterogeneous precipitation), the time can be shortened considerably. Future studies should examine whether the co-precipitation of secondary minerals would increase the viscosity of the injected fluids and, thus, increase the gas production or would rather reduce permeability and, thus, gas flows.
Implications for Using Alternative Water Sources for Hydraulic Fracturing. Our laboratory experiments have shown that blending of AMD and HFFF would reduce the sulfate content of the water, making it suitable for hydraulic fracturing operations. Using blends of AMD and recycling shale gas wastewaters for future hydraulic fracturing operations could reduce the environmental impacts induced by disposal of both AMD and HFFF to the environment in areas where AMD sites are located in close proximity to shale gas operations, such as western Pennsylvania (see Figure S5 of the Supporting Information). Future studies should examine other marginal water sources and test their suitability for hydraulic fracturing operations, particularly in areas of high water scarcity, such as Texas 8 and California. Three types of saline or brackish waters should be considered: (1) waters with predominance of Ca and SO 4 ions (similar to the AMD) with high scaling potential (for example, groundwater from the Ogallala aquifer, southern high plains, Texas, 44 Trinity and Woodbine aquifers in north-central Texas, 45 and agricultural return flow in the central valley, California 46 ), (2) waters with predominance of Na and Cl ions (e.g., southern Gulf Coast aquifer system in Texas 47 ) with low scaling potential, and (3) hard waters with predominance of Ca, Mg, and alkalinity and high scaling potential of carbonate minerals (e.g., treated domestic wastewater 48 ). The merit of using marginal waters should be examined for specific cases, but use for hydraulic fracturing could have additional benefits. This approach should also be tested globally because numerous shale gas basins are co-located in areas of high water stress (e.g., the Karoo Basin, South Africa, Tarim and Junggar Basins, northwestern China, and Tindouf Basin, Morocco 49 ), where fresh water allocation for shale gas development may not be possible.
In conclusion, we show that blending of AMD with HFFF results in precipitation of secondary minerals (e.g., Sr barite and iron-bearing minerals) and sequestration of toxic levels of radium, barium, and strontium. The mixing experiments revealed the optimal conditions in which the NORMs and toxic metals can be removed, controlled by both the pH and sulfate concentration of the solution. The optimization of the NORM sequestration resulted in NORM-free solution but with high NORM levels in residual solids that need to be adequately managed and disposed. While the laboratory tests have shown that it is technically possible to generate water effluents suitable for hydraulic fracturing, field-scale tests are necessary to confirm this feasibility under operational conditions.
